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Abstract 
Coal is the primary energy resource in China, with the raw coal production reaching 2.8 billion tons in 2008. However, great 
amount of coalmine methane is released during coal exploitation, which runs up to over 3.5 billion cubic meters. To minimize 
environmental pollution caused by coalmine methane and to promote resource utilization, various systems for utilizing coalmine 
methane energy are developed in China. Common types of such systems include power generation system utilizing coalmine 
methane, combined-heat-and-power system of coalmine methane, thermal energy provision system of coalmine methane, and 
fuel-gas provision system, etc. This paper describes elements, characteristics, and applicability of these systems and presents 
thermal economy analysis to specific system. Thermal economic indexes, such as exergic efficiency and exergic losses of 
specific coalmine methane energy utilization system are obtained. These data are very useful in finding the way to make further 
progress in improving thermal economy of coalmine methane energy utilization systems as well as providing technical support to 
make tradeoffs among those systems. In addition, the possibility of serving coalmine methane energy utilization systems as 
distributed energy resource is discussed and potential problems summarized. Generally speaking, these efforts are practical to 
promote coalmine methane energy utilization in China. 
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1.  Introduction 
From 1978 to 2008, the proportion of coal in the primary energy consumption in China was between 
66.4%~76.2%, and it is predicted to stay at this value in the next 30 years. Moreover, coal consumption in 2008 is 
over 2850 million tons of coal equivalents. The consumption of coal as the primary energy source caused severe air 
pollution. In order to solve this problem, it is significant to readily develop and make use of different kinds of 
renewable energy resources and steadily increase their proportions in the energy resource framework. In 2005, the 
Law of the People's Republic of China on Renewable Energy was promulgated, which has dramatically promoted 
the utilization of renewable energy ever since. For coal exploitation in China，approximately 10 billion Nm3 coal 
mine methane (CMM) is produced every year. The number of power generation systems of CMM in China had 
increased from 591 in the year 2005 to 1104 in the year 2008, during which the power capacity had also increased 
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 from 300MW to 710MW. The fuel consumed in power generation systems of CMM include the CMM drawn out in 
the exploitation of coal and the gas produced by underground coal gasification (UCG), the former of which is 
dominant. UCG is being improved continuously, thereby enhancing the proportion of the gas produced by UCG. 
With the rapid development of Chinese economy, the annual coal output can hardly meet the demands of the market. 
Due to certain limitations of mining geology, a large amount of coal is abandoned in coalmine during coal mining 
processes. In order to recollect the abandoned coal for energy recovery, UCG research is conducted broadly and 
deeply in China in the recent 20 years [1-6], with great results achieved. Currently, more than 60 coal gasification 
furnaces are in operation in China to satisfy household gas provision as well as power generation by internal 
combustion engines. 
With more and more attention paid to coalmine methane exploitation and utilization in China, its annual 
consumption is expected to reach 3 billion m3 in the year 2010, the amount of exploitation is predicted to come up to 
10 billion m3 in 2015, and 20~40 billion m3 in 2030, which provides promising economic future and sufficient 
energy restoration for coalmine methane energy utilization (CMEU).  
2.  Classification and properties of coalmine methane energy utilization systems in China 
China experiences a year-by-year ascending of total energy consumption E from 1978 to 2008, the proportion of 
coal, oil, natural gas (NG) and other resources during which is shown in Fig. 1. Per capita energy consumption eCE 
between 1980 and 2008 is displayed in Fig. 2. Fig. 3 and Fig. 4 explain the growth rate for total and per capita 
energy consumption, respectively.  
       
Fig. 1. Total energy consumption in China.                                                    Fig. 2. Per capita energy consumption in China. 
    
Fig. 3. Rate of growth-total energy consumption in China.                         Fig. 4. Growth rate  per capita energy consumption in China.  
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The growing tendency of energy consumption in China draws greater respect for coalmine methane as a one-time 
renewable energy resource and confers coalmine methane energy utilization systems (CMEUS) with a huge 
application potentiality. Common types of coalmine methane energy utilization systems include gas turbine with 
combined-heat-and-power (CHP), boiler, internal combustion engine with CHP and steam turbine with CHP. Their 
block diagrams are shown in Fig. 5(a), 5(b), 5(c), 5(d), respectively and their characteristics are shown in Table 1.  
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Fig. 5. Block diagrams of different types of CMEUS: (a) Gas turbine with CHP; (b) Boiler; (c) Internal combustion engine with CHP; (d) Steam 
turbine with CHP  
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 Table 1. CMEUS characteristics 
Content Gas turbine Micro gas turbine Internal combustion engine Steam turbine Gas fired boiler 
Unit capacity (kW) ≥1000 30~350 20~1800 ≥3000 116~26865 
Generating efficiency (%) 22~36 18~27 27~41 23~29 - 
 Total efficiency (%) 75~85 75~85 75~85 75~85 ≥85 
Recovery waste heat steam/ hot 
water 
hot water hot water steam/ hot water steam/ hot water 
Exhaust temperature (    ) 450~650 200~300 350~450 40~130 130~180 
Reference price 
(Yuan RMB/kW) 
6000 8000 4000~5000 4500~5500 150~370 
 
In the CMEUS mentioned above, internal combustion engine with combined-heat-and-power finds the widest use 
in China due to its short settling/cutoff time and fast response to load changes. Thermodynamic analysis on UCG 
internal combustion engine power generation system is implemented in the following part.  
3.  Representative example of power generation system of UCG 
3.1.  Composition and heat values of the gas products of UCG 
Xinwen Coalmines Group in Shandong province has 5 UCG furnaces to provide gas to 25000 households of 
residents in the mining area while the gas is also used to generate electricity by using 4 internal-combustion-engine 
generation units with rated capacity of 400 kW per unit [7]. The gas products from the underground gasification 
furnaces are sampled and analyzed, with their composition and heat values shown in Table 2. From this table, we 
can see that the products of UCG mainly consist of hydrogen, carbon monoxide and methane.  
Table 2. Composition and heat value of gas product of UCG 
Sample 
Composition of gas product of UCG (%) 
Heat value(MJ/m3) H2 CO CH4 CO2 O2 N2 
1 44.52 10.50 8.30 26.51 0.56 9.61 10.30 
2 37.78 6.23 9.11 43.27 1.11 2.50 9.23 
3 58.49 12.12 10.12 15.27 0 4.00 13.01 
4 55.87 10.01  8.81 21.01 0 4.30 11.89 
5 56.06 9.42 9.22 20.49 0.74 4.07 12.00 
6 44.37 12.09 9.20 27.33 1.20 5.81 10.66 
7 55.46 14.87 8.23 16.42 1.60 3.42 12.07 
8 16.56 5.10 7.47 41.24 2.80 26.83 5.72 
9 18.76 4.96 9.12 42.37 3.00 21.79 6.64 
10 45.91 9.62 9.32 27.01 1.80 6.34 10.59 
 
Besides the hydrogen, carbon monoxide, methane and other combustible gases, the product of UCG contains 
traces of hazardous and poisonous gases including benzene, naphthalence, ammonia, hydrogen sulphide and oil tar, 
etc, as shown in Table 3. In addition, they have to be removed through effective cleaning process before the product 
can be used as fuel of internal combustion engine, otherwise the combustion emissions will pollute the environment 
and the oil tar will stick onto the inner surface of pipes, resulting in abnormal operations after a long time. The 
cleaning process of the product of UCG is shown in Fig. 6. 
As can be seen in Fig. 6, gasification product is cleaned by different process of shower, drying, desulfuration, and 
adsorption. 
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Table 3. Content of hazardous and poisonous gases 
Items Benzene (g/Nm3) Naphthalence (g/Nm3) Ammonia (g/Nm3) Hydrogen sulphide (g/Nm3) Oli tar (g/Nm3) 
Content 0.17 0.09 0.07 1.14 4.2 
 
Gasification product 
    
 
 
 
                                             
                                                                                                                                                    To internal combustion engine 
Fig. 6. Cleaning process of product of UCG 
3.2.  Power generation system of UCG 
3.2.1. Working condition of power generation system 
The power generation system using the product of UCG usually adopts the gas turbine and internal combustion 
engine as prime mover. Because no gas turbine is available for the power generation system of UCG in China at 
present, the internal combustion engine is adopted in Xinwen Coalmines Group, which has 12 cylinders retrofitted 
from petro engine with unit capacity of 400kW. In China, the gas power generation system requires the hydrogen 
content in gas to be less than 20% volumetric concentration, otherwise the deflagration and detonation may increase 
in the entry pipe of gas product of UCG to threaten the safety of the system. The gas product of UCG is high in 
hydrogen content up to 60% volumetric concentration, being much higher than the requirement and apt to result in 
deflagration or detonation. In order to ensure safe operations at initial experimental stage, the internal combustion 
engine is equipped with electronic-controlled fuel injection and internal mixing devices, that is, the gas fuel and air 
enter the cylinders separately and get mixed inside them. However, experimental operation indicates that this gas 
entry manner cannot work effectively due to low quality of the electronic-controlled fuel injection valves, making 
fuel gas leak into the air entry pipe, resulting in detonation inside. Therefore, the external mixing manner is adopted; 
and by controlling the temperature of cylinder to be lower than the ignition point of gas, detonation is successfully 
prevented while stable and safe operation guaranteed.  
3.2.2. Analysis on the performance of power generation system 
The temperature of cylinder wall and the temperature of cooling water were measured by thermal couples. The 
temperature of cylinder wall during experimental operation is shown in Fig. 7, and the temperature of cooling water 
is shown in Fig. 8. As can be observed, the thermal efficiency of the power generation system increases while the 
mean temperature of cylinder wall rises as the high temperature contributes to the gas combustion. Therefore, 
enhancing the temperature may increase the efficiency. However, the high content of hydrogen in gas requires the 
temperature to be lower than the ignition point of gas to prevent the detonation in the cylinder and guarantee safe 
operations. Experimental operation experiences demonstrate that the optimal temperature of cylinder wall should be 
kept in the range of 370-450 ºC. 
The gas product of UCG varies substantially in heat values during different periods, affecting the stability of 
power output of internal-combustion-engine power generation systems. As the lower heating value of gas increases, 
the power output will boost steadily, making the gas consumption rate go down. 
Take the internal combustion engine used at Xinwen Coalmines Group as example. The power generation system 
is divided into 3 sub-systems of fuel mixing chamber, combustion chamber, and cylinder, for exergy analysis. In 24 
hours, the power generation system will generate 3450kWh of power by consuming 4332 Nm3 of gas with an 
average heat value of 8.725 MJ/Nm3, providing 3285kWh of power. The on-line result indicates that the heat rate of 
generation is 11882kJ/kWh while the gas consumption rate is 1.26Nm3/kWh, leading the rate of generation to come 
Shower Drying Desulfuration Adsorption Gas tank 
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 up to the level of 30.2%. Taking power supply indexes into consideration, on the other hand, the heat rate of power 
supply goes up to 12487kJ/kWh and the rate of power supply maintains at 1.32 Nm3/kWh. 
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Fig. 7. Temperature of cylinder wall 
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Fig. 8. Temperature of cooling water 
First, based on the definition of exergy efficiency ηE, we have 
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） is the net exergy provided by the main exergy resource; )(
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  the net exergy of the main 
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  the net exergy of the auxiliary benefit unit; α and β are coefficients between 0 and 1. 
Second, according to the definition of exergy loss Ωi, we have 
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where Πi is the local exergy loss Ωi. 
The experimental results of exergy analysis are shown in Table 4. From Fig. 4, the exergy efficiency of the 
internal combustion engine is 28.3%. Meanwhile, the exergy losses are primarily caused by energy transformation in 
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combustion process, high temperature difference of heat transfer in unit cooling and high exhaust gas temperature of 
the unit. 
Table 4. Summary of exergy analysis results 
Items Exergy (kJ) Exergy loss (kJ) ηE (%) Ωi 
Gas fuel mixer Input 9532.54 1.30 99.99 0.00014 Output 9531.24 
Combustor Input 9531.24 5574.74 41.51 0.58481 Output 3956.50 
Cylinder Input 3956.50 1258.97 68.18 0.13307 Output 2697.53 
ηEt - - 28.29 - 
ΣΩi - - - 0.71702 
 
Note: Ωi— the exergy efficiency of power generation system 
4. Interconnection of coalmine methane power generation system with power grid and its potential problems 
Coalmine methane power generation system can be integrated with existing mass power transmission grid as a 
Distributed Energy Resource (DER) or, separately, in the islanding mode. A splitting controller is presented at point 
of common coupling (PCC) to realize the transition between these two modes. Normally, power can flow in both 
directions between coalmine methane power generation system and electrical grid when the power generation 
system is on-line. In case of a power blackout, a series of protection activities will be executed by the splitting 
controller at PCC to intentionally isolate the system from the grid and switch it into the islanding mode for 
continuous power supply within the subdivision. The connection will be recovered by the controller when the fault 
is cleared.  
The performance of coalmine methane power generation system not only depends on its generation and load 
characteristics, but also rests with the interaction between the system and the mass power transmission grid. The 
injection of power generated by the system brings about great impacts on the grid over several aspects, including 
changing voltage regulation, introducing voltage fluctuation and harmonics, contributing to short circuit current, etc. 
On the other hand, there is also power flow injected from the grid, which conversely affects the stability indexes of 
the system.  
In China, most coalmine methane power generation systems are operated within the mass power transmission 
grid. With Chinese coalmine bases being migrated to Western China, the full potential of coalmine methane power 
generation system, running as a type of microgrid, will be gradually unlocked as an emerging DER as well as a 
promising technological breakthrough.  
To ensure an efficient and safe operation of coalmine methane power generation system in a microgrid, there are 
still a number of theoretical problems to be solved, mainly include:  
1) Investigate how interconnected microgrid and mass power transmission grid may interact with each other at 
high penetration level; find out the essential reason they interact; develop systematic approaches and techniques and 
build up theoretical basis for stability analysis and system control of power distribution network with interconnected 
microgrid. 
2) Study response characteristics of various energy-storage systems during microgrid disturbances; exhibit how 
different types of distributed energy-storage systems could influence microgrid operation, which can provide 
statistical verification for network stability analysis. 
3) Explore robust system planning methodology for power distribution network with interconnected microgrid 
and formulate a best planning scheme for different networks and boundary conditions. 
4) Establish theories of process simulation and network optimization to give theoretical support for microgrid 
operation, protection and controller design.  
On the other hand, many technical barriers are yet standing in the way. Some of the critical ones are: protective 
relay of microgrid and power distribution network with interconnected microgrid; cooperative control of DER in 
microgrid; integrated monitoring of power quality; control techniques of distributed energy-storage systems; 
software support for simulation of power distribution network with interconnected microgrid; a planning and 
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 decision support system of power distribution network with microgrid and an integrated simulation platform for 
microgrid.  
Realizing the necessity to get these problems resolved before applying as a kind of DER in microgrid, 
researching agents and individuals are staring to devote great concern about this field. With more and more research 
works on the agenda and in progress, it is believed that coalmine methane power generation system will become a 
very competitive way of supplying power in China, particularly in Western China.  
5. Conclusions 
The internal combustion engine power generation system is applicable, being a new way for the development and 
utilization of CMM in China. The exergy losses in internal-combustion power generation system are high, and 
reduction of it can enhance the exergy efficiency of CMEUS. 
To utilize CMEUS as DER in power grid, a series of theoretical and technical problems must be solved to 
guarantee its safety and  economy. With these problems investigated and worked out, coalmine methane power 
generation system will have an extraordinarily promising future in China.  
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